Pheromones are chemical cues released and sensed by individuals of the same species, which are of major importance in regulating reproductive and social behaviors of mammals. Generally, they are detected by the vomeronasal system (VNS). Here, we first investigated and compared an essential genetic component of vomeronasal chemoreception, i.e., TRPC2 gene, of four marine mammals varying the degree of aquatic specialization and related terrestrial species in order to provide insights into the evolution of pheromonal olfaction in the mammalian transition from land to water. Our results based on sequence characterizations and evolutionary analyses, for the first time, show the evidence for the ancestral impairment of vomeronasal pheromone signal transduction pathway in fully-aquatic cetaceans, supporting a reduced or absent dependence on olfaction as a result of the complete adaptation to the marine habitat, while the amphibious California sea lion was found to have a putatively functional TRPC2 gene, which is still under strong selective pressures, reflecting the reliance of terrestrial environment on chemical recognition among the semi-adapted marine mammals. Interestingly, our study found that, unlike that of the California sea lion, TRPC2 genes of the harbor seal and the river otter, both of which are also semi-aquatic, are pseudogenes. Our data suggests that other unknown selective pressures or sensory modalities might have promoted the independent absence of a functional VNS in these two species. In this respect, the evolution of pheromonal olfaction in marine mammals appears to be more complex and confusing than has been previously thought. Our study makes a useful contribution to the current understanding of the evolution of pheromone perception of mammals in response to selective pressures from an aquatic environment.
the vomeronasal system in the marine mammals, little has been done on the molecular basis of the system in these organisms. It is therefore interesting to test whether the relative importance of pheromone communication in these marine mammals varying in degree of aquatic specialization can be reflected at the genetic level. In view of this, it is necessary to investigate their VNS-specific genes to better understand the evolution of pheromone communication in the mammalian transition from land to water, which has been done with only morphological and behavioral descriptions.
Currently, three VNS-specific genes have been identified, including the pheromone receptor genes of the V1R and V2R families and the TRPC2 gene (Dulac and Axel 1995; Ryba and Tirindelli 1997; Herrada and Dulac 1997; Matsunami and Buck 1997; Liman et al. 1999) . Here, we chose to only study the TRPC2 gene of marine mammals because V1R and V2R genes form huge multigene families (e.g., 308 V1R and 279 V2R genes in mouse; Grus et al. 2005; Young and Trask 2007; Shi and Zhang 2007; Nei et al. 2008 ) that are difficult to fully characterize without the availability of a genome sequence (Webb et al. 2004) . TRPC is a cation channel belonging to the transient receptor potential family (Liman and Dulac 2006) . The essential function and exclusive expression of TRPC2 in the vomeronasal organ have been supported by studies of TRPC2 deficient mice, which impair VNO-mediated sensory responses and alter intraspecific behaviors (Leypold et al. 2002; Stowers et al. 2002; Kimchi et al. 2007 ). In addition, recent studies have showed a strong correlation between the morphological complexity of the VNS and the evolution of TRPC2 gene (Zhang and Webb 2003; Liman and Innan 2003) . For example, in catarrhine primates (humans, apes, and Old World monkeys), for whom the VNS is absent, a nonfunctional TRPC2 gene was found. The pseudogenization of TRPC2 in these species provides molecular evidence for their deterioration of vomeronasal pheromone transduction (Zhang and Webb 2003; Liman and Innan 2003) . In sum, TRPC2 is a particularly useful genetic marker to study the role of vomeronasal pheromone signaling in organisms and across evolution (Liman and Dulac 2006) . In this paper, using both bioinformatic and experimental approaches, we isolate and characterize 20 of 22 exons in TRPC2 gene of four marine mammals (≈3300 nucleotides on average). These four species differ in degree of adaptation to aquatic environment, from a fully-aquatic cetacean (fin whale Balaenoptera physalus) to amphibious pinnipeds (California sea lion Zalophus californianus and harbor seal Phoca vitulina) and the river otter Lutra lutra, which is a mustelid carnivore that lives in fresh water but comes out to warm up, rest and breed (Taylor 2002) . Compared with the cetaceans and pinnipeds, the river otter is much less well-known both anatomically and behaviorally. The morphology of VNS has not, to our knowledge, been described in this species. In addition, we extend our study by performing a survey of TRPC2 genes from all the currently available mammalian genomes. Our results based on sequence characterizations and evolutionary analyses, for the first time, provide genetic evidence for the ancestral impairment of vomeronasal pheromone signal transduction pathway in fully-aquatic cetaceans, supporting a reduced or absent dependence on olfaction as a result of the complete adaptation to functional VNS in these two species. In this respect, the evolution of pheromonal olfaction in marine mammals appears to be more complex and confusing than has been previously thought. Our study makes a useful contribution to the current understanding of the evolution of pheromone perception of mammals in response to selective pressures from an aquatic environment.
Materials and Methods

Sequences of Dog and Cow TRPC2
We used full-length ORF sequences previously identified for the dog and cow as queries (GenBank Accession Nos. XM_534024 and NM_174477; 3648 and 3789 nt, respectively) for BLAT searching of dog and cow genome assembly, respectively. The 7.6× coverage dog and 7.1× cow genome sequences are available from the UCSC genome bioinformatics site (http://genome.ucsc.edu/). Noted that examination of dog ORF sequence deposited in GenBank (XM_34024) showed exon 19 is incorrect, due to a 464-bp gap between exon 18 and 20 in the dog genome assembly. Recently, this gap region was sequenced by Young et al. (2005) (GenBank Accession No. FJ600507 ). In such case, the corrected full-length ORF (3575 nt) dog TRPC2 consisting of the corrected exon 19 (128 nt from FJ600507) was used here as query sequence.
The dog and cow TRPC2 were 33239 nt and 34078nt long, respectively, and their intron/exon structures were determined by a cDNA-and-genomic DNA comparison using SPIDEY (http://www.ncbi.nlm.nih.gov). Like the mouse TRPC2, 22 exons and 21 introns were predicated for both TRPC2 sequences. By aligning dog and cow TRPC2 using program CLUSTAL X (Thompson et al. 1997) , 26 primers pairs for long PCR amplifications were designed from the conserved regions to obtain the full ORF sequences of TRPC2 genes. In addition, 38 inner primers were also designed for nested PCR and sequencing. The primer information is available upon request.
Amplification and Sequencing of Marine Mammalian TRPC2
Long PCR amplifications of the full ORF sequences (22 exons) of TRPC2 genes were performed from the genomic DNAs of fin whale Balaenoptera physalus, California sea lion Zalophus californianus, harbor seal Phoca vitulina, and river otter Lutra lutra. PCR amplification was done in a 25-μl reaction mixture containing 5 pM each primer, 100 μM each dNTP, 2.5 μl 10ΧLA PCR Buffer, 1.25 units of Takara LA Taq® (Takara Biotechnology Co., Ltd), and 100ng genomic DNA. Thirty-six cycles of amplification (10s at 98℃ and 7 min at 63-65℃) were preceded by denaturation at 94℃ for 1 min and followed by elongation at 72℃ for 10 min. When a second round of PCR was performed (i.e., nested PCR), the reaction was performed in a total volume of 25-μl with 5 pM each primer, 100 uM each dNTP, 2.5 μl 10ΧPCR Buffer, 0.625 units of Takara Taq TM (Takara Biotechnology Co., Ltd), and the first-round PCR mixture. PCR was performed with the following cycling parameters:
denaturation at 94℃ for 3 min, thirty-six cycles of denaturation at 94℃ for 1 min, annealing at 55-58℃ for 1 min, and 72℃ for 1 min, and final elongation at 72℃ for 10 min. The amplified PCR products were purified and sequenced in both directions with ABI PRISM™ 3700 DNA sequencer (PE Biosystems, USA). Newly determined TRPC2 gene sequences are in GenBank under accession numbers GU247127-GU247130.
Database Searches for TRPC2 from Currently Available Mammalian Genomes
In addition to the marine mammals, we also extended our study to search the full 
Evolutionary Analyses
Sixteen mammalian TRPC2 nucleotide and their deduced amino acid sequences derived from PCR amplifications and genome database searches were aligned by the program CLUSTAL X (Thompson et al. 1997) . The protein alignment is supplied in Supplementary Material Figure 1 .
It has been reported that mouse TRPC2 has multiple splice variants (e.g. mTRPC2
A, mTRPC2B, mTRPC2α and mTRPC2β; Vannier et al. 1999; Hofmann et al. 2000) , which differ from each other mainly in variable lengths of N terminal regions. The β isoform, i.e., mTRPC2β, which has fewer exons (13 exons; 2673 nt) and shorter N-termini (374 amino acids shorter) than the canonical TRPC2 gene, were identified to be expressed exclusively and abundantly in the mouse VNO (GenBank Accession
No. AF230803; Hofmann et al. 2000) . This 13-exon β isoform covered the C-terminal 12 of the 22 exons in the canonical TRPC2 structure, and a 5-aa sequence derived from intron 10 of the canonical TRPC2 gene were identified as the first exon of mTRPC2β (see Figure 1 ). In view of this, we also used a nucleotide alignment trimmed to the length of VNO-specific β isoform (begin from exon 11 of the canonical TRPC2 gene) for subsequent evolutionary analyses. Hereafter, we refer to the trimmed alignment as alignment β and the original alignment as alignment 1. To avoid confusion, we utilize the exon number corresponding to those in the canonical TRPC2 gene in the following.
Phylogenetic trees were reconstructed with nucleotide alignment using MEGA4 (Kumar et al. 2008 ) for neighbor-joining (NJ) analyses and PAUP*4.0 b8 (Swofford 2001) for maximum-parsimony (MP) analyses. In NJ analysis, Kimura 2-parameters nucleotide model with pairwise deletion option for gaps was used. In MP analysis, a branch-and-bound search strategy was employed. The reliability of the tree topologies was evaluated using bootstrap support (Felsenstein 1985 ; BS) with 1000 replicates.
Opossum was used as outgroup.
The nonsynonymous to synonymous rate ratio ω (dn/ds) provided an indication of the change of selective pressures. We inferred the ancestral gene sequences at all interior nodes of the tree based on a Bayesian method (Zhang and Nei 1997) , and then counted synonymous and non-synonymous substitutions for each tree branch. We also used the codon substitution models implemented in the CODEML program in PAML package (Yang 2007) to analyze changes of selective pressure. Two branch-specific models, i.e., "one-ratio" (M0) and "free-ratios" (M1), were compared. M0 model assumes the same ω ratio for all branches while M1 model assumes an independent ω ratio for each branch (Yang 1998). Both models correct the transition/transversion rate and codon usage biases (F3×4). Different starting ω values were also used to avoid the local optima on the likelihood surface. We construct likelihood ratio tests (LRT) to compare the two models. Significant differences between models were evaluated by calculating twice the log-likelihood difference following a χ 2 distribution, with the number of degrees of freedom equal to the difference in the numbers of free parameters between models.
The relative-rate test of Li and Bousquet (1992) using the program RRTREE (Robinson-Rechavi and Huchon 2000) was used to estimate the heterogeneity in the evolutionary rate among lineages. One advantage of this distance-based method is that it can compare synonymous and nonsynonymous rates for nucleotide and amino acid variations for protein sequences.
Results
TRPC2 Genes in Marine Mammals
We obtained the nearly-complete ORF sequences of the TRPC2 genes excluding the last two exons (exons 21 and 22) in all of the four marine mammals examined.
The sequence comprises 90% of the predicted protein and covers all transmembrance domains. Figure 2 shows the deduced amino acid sequences, indicating the positions of the six putative transmembrane domains (TM), three ankyrin repeats (AR), the pore region (PP), the TRP box and the TRP domain. Although the sequences of exon 12
(213 nt) from fin whale and harbor seal, and those of exon 15 (201 nt) from river otter are missing due to PCR amplification failures, they make little difference to our prediction of the pseudogenization of these genes. Our results revealed that TRPC2
sequence was a pseudogene in fin whale (3084 nt), harbor seal (3121 nt) and river otter (3107 nt), resulting from nonsense and/or frameshift mutations introducing premature stop codons in their ORF sequences. As can be seen from Figure 2 and Table 1 , in the fin whale, there are six frameshifting indels and four nonsense mutations. One of the nonsense mutation occurred at the region of the TRP box, which is a highly conserved sequence motif among all TRPs. The harbor seal sequence contains a nonsense mutation and a frameshifting deletion, while the river otter sequence contains a nonsense mutation and two frameshifting deletions. In comparison, the California sea lion TRPC2 gene (3332 nt) lacks frameshift and nonsense mutations and is potentially functional intact.
TRPC2 Genes from Database Searches
From database searches and gene predictions, we identified TRPC2 genes in all of the mammalian genome assemblies examined here (Supplementary Material Figure 1 ).
The deduced amino acid sequences have the characteristic features of TRPC2. All genes were putatively intact except for those from human, macaque, and dolphin. The observation of TRPC2 pseudogenization in human and macaque is consistent with previous work showing that this gene has been inactivated in the common ancestor of catarrhine primates (Zhang and Webb 2003; Liman and Innan 2003 gene (Zhang and Webb 2003; Liman and Innan 2003) , which is confirmed by our study. Moreover, we identified an additional frameshift mutation in exon 8 of human sequence. In the macaque TRPC2 sequence, we identified a nonsense mutation in exon 15 which was also previously found in the other two Old World monkeys, the baboon Pan hamadryas and guereza Colobus guereza, by Zhang and Webb (2003) ,
suggesting that this mutation mostly likely appeared in the common ancestor of Old World monkeys. We did not detect the frameshift deletion named "mutation 8" in
Liman and Innan (2003)'s analysis of the macaque sequence, but identified two additional frameshift mutations (at exon 18 and 20), which were not described in previous studies. The dolphin TRPC2 gene, as we found for that of the fin whale, was a pseudogene. It includs three frameshifting and two nonsense mutations. Of these five mutations, two frameshifts (at exon 11 and 16) and one nonsense mutation (at exon 11) were shared by the dolphin and the fin whale, suggesting these mutations most likely began to accumulate in the common ancestor of cetaceans. It should be pointed out that, due to the partial TRPC2 sequences obtained from the dolphin and fin whale, the common deleterious mutations in cetaceans and the specific deleterious mutations in the two species here might be an underestimation.
Pairwise comparisons of all available TRPC2 genes demonstrated that the fin whale shares 95% sequence identity with the dolphin. The harbor seal and the California sea lion showed the highest levels of sequence identity to each other (97% sequence identity), both of which share about 94% sequence identity with the river otter, 92% with the dog and 90% with the cat.
Phylogenetic Analysis
To examine if TRPC2 sequences obtained here are orthologues, we conduct a NJ analysis based on alignment 1 and alignment β (see the definitions of alignment 1 and alignment β in Materials and Methods). We did not include the last two exons in both alignments as they were not available in the TRPC2 genes of the four marine mammals. The final alignment 1 and alignment β for phylogenetic analysis are 3390 nt (extending from exon 1 to 20) and 2219 nt (extending from 11 to 20), respectively.
Phylogenetic trees were shown in Figure 3a and 3b. The two trees produced similar well-resolved topologies and only differed in the positions of the horse and the guinea pig. In the analysis of alignment 1, the horse is most closely related to order Carnivora whereas in that of alignment β, it clusters with the cow and cetaceans. However, both relationships received poor bootstrap supports (BS=59 and 75%, respectively). In the analysis of alignment 1, the guinea pig was found to cluster with the mouse and the rat (BS=90%), but not in the analysis of alignment β (BS=60%). We assume the position of the guinea pig in alignment 1 is more likely, given that it is consistent with the known species phylogeny with a strong bootstrap support.
In both trees, the fin whale and the dolphin formed a monophyletic clade with cow i.e., superorder Cetartiodactyla, with 100% bootstrap support. The harbor seal, the California sea lion and the river otter clustered with the dog and the cat to form a monophyletic Carnivora clade with 100% bootstrap support. These results are consistent with the known species tree. Moreover, the resulting relationships among the six mammalian orders included here are also consistent with the current mammalian phylogeny (Krettek et al. 1995) . The MP analyses of the same two alignments produced identical topologies as those of the NJ analyses with similar bootstrap supports (data not shown). Therefore, the phylogenetic analyses presented here suggest these TRPC2 sequences are orthologues. We also find that the TRPC2 pseudogene formation occurred independently at least four times in sixteen mammals examined here, i.e., the lineages leading to the harbor seal, the river otter, the common ancestor of catarrhine primates, and the common ancestor of cetaceans.
Patterns of Selection in Mammalian TRPC2 gene evolution
Further evidence for the functionality (or non-functionality) of the marine mammalian TRPC2 genes can be gained by comparing the selective pressures of the putative functional genes and pseudogenes, as measured by the nonsynonymous to synonymous rate ratio ω (dn/ds). Pseudogenes that are under relaxed selective pressure are expected to have higher ω ratio than the functional genes that are under purifying selection. Our analyses of ω ratios based on alignment β (the same alignment in phylogenetic analysis including exon 11-20) are presented in Table 2 .
The stop codons and frameshifts of pseudogenes were manually eliminated to maintain the final alignment in-frame. Because the analysis may be sensitive to the tree topology used, so the horse sequence, which was unresolved in the present study and also in previous studies, was collapsed in the tree that was used for ω ratio analysis (Figure 4 ). In the codon-based maximum likelihood analysis (Table 2) , ω ratio calculated in the M0 model is 0.10898, suggesting that most TRPC2 genes in these mammals have evolved under strong functional constraints, which is in accordance with the known functional significance of TRPC2 gene as an ion channel interacting with intracellular messengers. Interestingly, the M1 model shows a significantly better fit to the data than did the M0 model (p<0.001), indicating that these mammalian TRPC2 genes have not been subject to similar selection pressures.
Hence, we inferred the ancestral sequences for all interior nodes of the tree and calculated the ω ratios for each branch, which were shown above branches in Figure 4 .
We can find that the ω ratios for TRPC2 sequences of the fin whale, the harbor seal, the river otter and also of the human and the macaque, all being putatively pseudogenes, are obviously higher (from 0.2 to 0.7604 and 0.5335 on average) than those for putative functional sequences, including that for the California sea lion, For comparison, we also analyzed ω ratios based on the alignment of TRPC2 exon 1-10 from these species, with the exception of dolphin. Due to the low coverage of dolphin genome assembly, exon 1-10 sequences of it are unavailable. The overall ω ratio in the phylogeny is estimated to be 0.27219, which is higher than that based on the alignment of TRPC2 exon 11-20. The ω ratios for each branch were shown in We also perform the relative rate test to investigate the evolution rate changes along the various lineages in the phylogeny. Our relative rate test reveal that the Cetacea, Primate, river otter, and harbor seal branches were significantly higher than other branches in nonsynonymous rates and amino acid variations (P < 0.14%; after the Bonferroni correction) but not in synonymous variation (P > 0.14%) (Table 3 ).
When we used amino acid sequences for phylogenetic analysis, Cetacea was grouped with Primate, although the bootstrap support is not very high (BS=62%; Figure 5 ).
Taken together, these findings are consistent with the expectation that pseudogenes have higher evolutionary rates than functional genes.
Discussion
Marine mammals are remarkable and evolutionarily significant among mammals for their existence to an aquatic environment, yet many aspects of molecular basis of underwater existence remain undescribed. Our investigation of TRPC2, the key genetic component of VNS chemoreception, of marine mammals and related terrestrial species provides significant insights into the evolution of pheromonal olfaction during the mammalian transition from land to water. From our work, we can deduce that the cetaceans have a reduced or absent dependence on chemical communication as a result of the complete adaptation to the marine habitat. In comparison, the pinnipeds maintain it due to the reliance on terrestrial environments, as evidenced by genetic, anatomical and behavior studies.
Interestingly, previous studies of the platypus, a semi-aquatic monotreme, suggested that the platypus has a well-developed VNS (Wysocki 1979 ) and large numbers of intact V1R genes (Grus et al. 2007) , reflecting the importance of terrestrial habits for its chemical communication. In addition, our preliminary characterization of the partial platypus TRPC2 from genome assembly searching did not find any frameshift and nonsense mutations. Examination of ω ratio also indicates platypus TRPC2 is under functional constraint (data not shown).
Interestingly, the similar evolutionary discrepancy between fully-and semiaquatic marine mammals observed here are also reflected from a recent analysis of the main olfactory receptor (OR) gene family in cetaceans and sea lion. OR encodes the olfactory receptor proteins expressed in the MOS (Buck and Axel 1991; Nef et al. 1992; Issel-Tarver and Rine 1997; Freitag et al. 1998; Malnic et al. 1999; Dryer 2000; Firestein 2001 ). Kishida et al. found that cetaceans, whose MOS is lost, have a significantly higher proportion of OR pseudogenes than do the sea lion and the cow, indicating the olfactory sense was reduced or absent among cetaceans. In the contrary, the pseudogene proportion of OR gene in the sea lion, whose MOS is retained, was not significantly higher than that in the dog, supporting the utility of olfaction in the terrestrial habits (Mackay-Sim et al. 1985; Kishida et al. 2007 ).
In our present study, we surprisingly find that the semi-aquatic harbor seal and the river otter, unlike the California sea lion, have a nonfunctional TRPC2 gene. The selective pressure on TRPC2 is relaxed in the two species. Therefore, the notion that terrestrial environments favors a functional VNS in semi-aquatic marine mammals seems violated in the case of harbor seal and river otter. However, the potentially damaged vomeronasal signaling transduction in these two species implied here is not entirely unexpected. Among the pinnipeds examined so far, the harbor seal is the only species for which the existence of VNS was questionable. In previous anatomical studies, the accessory olfactory bulb (AOB), which is the main component of the VNS, could not be clearly identified in the harbor seal (Switzer et al. 1980; Meisami and Bhatnagar 1998) . Our data provide evidence that the harbor seal most likely lacks a VNS, and suggest that, in the harbor seal, the vomeronasal pheromone signal transduction pathway may be damaged. Indeed, compared with the other pinnipeds, the harbor seal demonstrated a reduced dependence on chemical signaling in the pheromone-induced social or reproductive behaviors. For examples, unlike most pinnipeds, adult harbor seals are usually solitary and rarely interact other than to mate, and also different from many other seals, harbor seal mothers leave their pups during the nursing period to forage at sea (http://www.seaworld.org/infobooks/HarborSeal/ home.html). Therefore, the pseudogenized TRPC2 gene in harbor seal is consistent with the correlation between the morphological complexity of the VNS and the evolution of TRPC2 gene. Taken these evidences together, we predict that it is more likely that TRPC2 gene is intact in the common ancestor of pinnipeds but become nonfunctional in the harbor seal after 2.7 MY ago (Arnason et al. 1996) . Of course, this prediction requires validation from the analysis of the other pinnipeds. In comparison, the VNS of the river otter is virtually unstudied either anatomically or physiologically, although there are reports indicating that the river otter has a markedly smaller MOS than those of terrestrial carnivores (Had iselimovi and Dilberovi 1977; Oelschläger and oelschläger 2002), which agrees with the diminution of olfactory communication in aquatic environments (Gittleman 1991) .
Our study, therefore, is among the first to offer clues on the function and the evolution of VNS and pheromonal communication in this species at the molecular level.
Considering the correlation among genetic, anatomical and behavioral evidence generally noted for other marine mammals, our finding of a pseudogenized TRPC2 gene in the river otter indicate that the river otter probably has lost a VNS after 1.8
MY ago (Koepfli et al. 2008) and that the pheromone-mediated signaling through the VNS is of less importance in this species. Anyway, the observed independent absence of VNS in the harbor seal and the river otter here is intriguing, leading us to presume that other unknown selection pressures or sensory modalities might have promoted it.
In this respect, it is interesting to associate this observation with the lost of VNS in catarrhine primates, for which the role of vomeronasal pheromone perception was replaced by the gain of a new visual-based signaling-sensory mechanism, i.e., the trichromatic color vision (Dixson 1983; Liman and Innan 2003; Zhang and Webb 2003; Webb et al. 2004) .
As a conclusion, our study makes a major contribution to the current understanding of the evolution of the VNS-specific genes in marine mammals, and notably provides the genetic evidence for evaluating the functionality of pheromone perception of mammals in response to selective pressures from an aquatic environment. In addition, the evolution of pheromonal olfaction in marine mammals is revealed to be more complex and confusing than has previously thought. These findings emphasize on a need to study TRPC2 gene and other VNS-specific genes in additional marine mammal species encompassing varying life histories, which will ultimately provide a more complete understanding of the molecular mechanisms of pheromonal communication in the mammalian transition from land to water.
Supplementary Materials：
The protein alignment of 16 TRPC2 sequences used in this study is available as Figure 1 in the Supplementary Material. The analysis of ω ratios for TRPC2 exon 1-10 was shown in Supplementary Figure 2 . ification in rodents, decimation in primates, and a surprisingly small Table 1 The summary of the deleterious mutations producing premature stop codon in TRPC2 pseudogenes. For each exon, "•" stands for the presence of frameshifing mutation, whereas "◆" stands for the presence of nonsense mutation. Shared deleterious mutations among species within an exon are indicated by ''a", ''b" ''c" ''d". Exons with "-" are unavailable. Lineages with TRPC2 pseudogene are indicated with ψ. MP analysis produced nearly identical tree topology to that of NJ analyses with similar bootstrapping supports. The putative TRPC2 pseudogene formation events were indicated on the phylogeny.
The diamonds and circles shown above the branches in the trees correspond to those indicated in Table 1 . Figure 4 The nonsynonymous to synonymous rate ratio ω (dn/ds) analysis for each tree branch of the phylogeny. Lineages with TRPC2 pseudogene are indicated with ψ. MP analysis produced nearly identical tree topology to that of NJ analyses with similar bootstrapping supports.
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